Simulations are essential to accelerate the discovery of new materials and to gain full understanding of known ones. In this work, we introduce the first method allowing open boundary conditions in material and interface modeling. The new method, which we named ROBIN (recursive open boundary and interfaces) allows for discretizing millions of atoms in real space, thereby not requiring any symmetry or order of the atom distribution. The computational costs are limited to solving quantum properties in a focus area. It is verified in detail that the impact of the infinite environment on that area is included exactly. Calculations of graphene with the same amount of 1) periodic (currently available methods) and 2) randomly distributed silicon atoms shows that assuming periodicity elevates a small perturbation into a strong impact on the material property prediction. Graphene was confirmed to produce a band gap with periodic substitution of 3% carbon with silicon in agreement with published periodic boundary condition calculations. Instead, 3% randomly distributed silicon in graphene only shifts the energy spectrum. The predicted shift agrees quantitatively with published experimental data. Periodic boundary conditions can be applied on truly periodic systems only. Other systems should apply an open boundary method.
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Computer aided material predictions represent the firststep of many new material discoveries [1] [2] [3] . Material simulations can power machine learning searches for new materials with specific properties [4] [5] [6] . However, modeling experimental reality with wide-spread idealized, periodic boundary conditions 7, 8 is prone to artifacts: Irregular interfaces, impurities, cracks and dislocations are not compatible with idealized conditions. A common approach to limit artificial periodicity effects is to make the repeating unit cell as large as numerically feasible and apply various correction algorithms [9] [10] [11] [12] .
Instead, we introduce the Recursive Open Boundary and INterfaces (ROBIN) method that can handle arbitrary geometries and atom distributions and does not need any periodicity assumption. It is based on the nonequilibrium Green's function method (NEGF). The NEGF method had been applied on charge 13, 14 , spin 15,16 and heat 17, 18 transport in open nanodevices. The ROBIN extension of NEGF models materials in infinitely extended real space and supports regular and irregular systems. We verify the ROBIN method in 2D and 3D crystalline systems. Calculations of graphene confirm recent work 19 that periodically distributed silicon impurities can open bandgaps. In stark contrast and presumably closer to any experiment, random distributions of the same amount of silicon are shown to give no band gaps, but to form domains and to linearly shift the band structure. The predicted shift quantitatively agrees with experimental data of Ref. 19 .
So far, all models for quantum electronic material properties are based on Hermitian Hamiltonian operators (H) that represent either periodic or finite sized systems 20 . The boundaries of closed systems yield confinement effects and system size dependent resonances that can interfere with the actual material properties. Models with periodic boundary conditions require numerically hard to achieve unit cell sizes to avoid artificial long-distance coupling between repeating simulation domain features 21 . To lift some of the numerical limitations of periodic simulations, various correction methods have been introduced 11, 22, 23 . The k-space sampling required for periodic boundary simulations represents addition numerical challenges 20 . Modeling systems with long distance effects such as Moiré lattices, systems with irregularities such as alloys and systems with inhomogeneous fields or strain are notoriously difficult to handle with Hermitian Hamiltonian operators.
In the NEGF method, the electronic density of states (DOS) equals the imaginary part of the retarded Green's function's (G R ) diagonal. G R is solved in the Dyson equation which reads in operator form G R = (E -HC -Σ R ) -1 , with the electronic energy E, and the retarded self-energy Σ R 24 . The Hermitian Hamiltonian HC represents the electrons in the finite, central area C. We set C to be a sphere for three-dimensional and a circle for two-dimensional systems. However, any other space-appropriate shapes are possible, too. Electrons are modeled in the effective mass approximation 25 when the ROBIN method is verified against analytical DOS of parabolic dispersions in 2D and 3D. In case of graphene, electrons are given in single-orbital atomistic tight binding (EPz,C = 0, VPPσ,C =0, VPPπ =-3 eV, following the nomenclature of Ref.26) on the native graphene lattice. Silicon atoms in graphene are modeled with graphene parameters and an onsite energy of EPz,Si =4.75eV to reproduce the band gap of 3% periodically distributed Si in graphene predicted with DFT in Ref. 19 . Note that many other electronic representations, such as plane waves 27 , maximally localized Wannier functions 28, 29 or localized atomic orbitals 30, 31 have been applied in NEGF before. Devices modeled in NEGF covered 1D, 2D and 3D symmetries, ranging from molecular junctions 32 up to micrometer long resistors 33 .
The retarded self-energy Σ R is the key element that distinguishes NEGF from closed-system models: It is the non-Hermitian operator in the inverse G R that represents the interaction of electrons in C with the surrounding of C at the contact interface between the two regions 34 . Σ R allows electrons to enter and leave C at the contact and then to propagate to infinite distance to C. The imaginary part of Σ R is inverse proportional to the electronic lifetime in C (i.e. the "dwelling-in-C-time") 35 .
Most NEGF applications require the surrounding "behind" the contact to form a homogeneous lead and in particular to have a well-defined 1D transport direction. A few exceptions to this limitation can be found for quantum cascade systems 13, 36 and recent transistor predictions 37 . Reference 37 in particular allowed for the lead cross section size to grow infinitely with increasing distance to the contact and to host random atom distributions.
The ROBIN method expands the contact self-energy method of Ref. 37 by considering the total interface between C and the surrounding as the contact area. The conceptual difference to Ref. 37 is the fact that only one contact self-energy describes the complete environment. Following Ref. 37 , the non-Hermitian Σ R is solved as a product of the non-Hermitian surface retarded Green's function of the 2D or 3D surrounding of C with the Hermitian Hamiltonian operators of atoms in C coupling with atoms in the surrounding. Thereby, the environment atoms are discretized explicitly. A complex absorbing potential (CAP) is added to the environmental atoms' on-site energies 38 . Similar to Ref. 37 , the CAP vanishes at the edges of C and grows smoothly with increasing distance to C 39 . The CAP is critical to ensure efficient convergence of the results in C with the range of explicitly discretized surrounding atoms. All retarded Green's functions are solved recursively 40, 41 [50] [51] [52] . Although this work covers only electronic examples, the presented method applies to any system with discretizable equations of motion including e.g. lattice vibrations in dynamic matrix descriptions.
Figures 1 verify the ROBIN method for electronic material property predictions. Figure 1(a) is a reminder of the electronic dispersion resulting of electronic Hamiltonian operators of silicon conduction band electrons (m*=1.08m0) discretized in real space and solved with periodic boundary conditions. Note this is the only periodic-boundary system result, while all remaining results apply the ROBIN method of open boundaries. Deviations from the analytical parabolic dispersion become smaller with decreasing kinetic energies and finer mesh spacing 53 . Accordingly, with finer real space meshes and smaller kinetic energies the DOS of the ROBIN method in 3D ( Fig. 1(b) ) and 2D ( Fig. 1(c) ) agree better with the respective analytical DOS, i.e. the square root function in 3D and the constant DOS in 2D.
Similar to the Si nanowire calculations in Ref. 19 , the convergence of Σ R close to band edges is more demanding and small deviations from the analytical DOS can be observed there. Better convergence further reduces the DOS deviation at the band edge.
This convergence also determines the quality of the predicted DOS at the Dirac point of graphene. shows the average DOS of graphene electrons solved in graphene discs of varying diameters. The center region C is chosen to be a disc of 1nm diameter for all results in Fig.2 .
All remaining carbon atoms are included as part of the environment of C within the ROBIN method. In this way, the largest disc size considered in Fig. 2 is 200nm diameter which includes more than 1 million discretized carbon atoms in total. The average DOS in Fig.2 converges well to the linear dispersion of graphene with increasing lead size. Simultaneously, the standard deviation of the DOS of each considered atom in C vs. the depicted average value reduces, too. The maximum of this standard deviation for all considered energies in Fig.2(a) is 1 .2×10 10 eV -1 cm 2 (80nm), 1.5×10 9 eV -1 cm 2 (140nm), and 6.3×10 7 eV -1 cm 2 (200nm), respectively.
In Ref. 19 , a 3% concentration of periodically distributed silicon atoms in graphene was analyzed with density functional theory calculations and periodic boundary conditions. It was predicted that the addition of the silicon atoms opens a bandgap of 0.28eV in graphene. This finding can be reproduced with the ROBIN method in empirical tight binding: All Si atoms are considered periodically distributed in the graphene disc. Silicon parameters are approximated with graphene parameters and an additional onsite energy of 4.75eV. Given the unit cell is larger with the periodic Si than in the case of pristine graphene (see Fig. 3 ), the convergence of the DOS w.r.t the disc diameter is numerically more challenging. This can be seen in the slowly decaying beating pattern in Fig. 4 (a) . Even a disc diameter of 320nm with more than 3 million discretized atoms still shows a small beating in the resulting DOS around the band gap. The periodic distribution of carbon (white) and 3% silicon (black) atoms is shown in Fig. 3 . The addition of silicon atoms increases the graphene unit cell to 32 atoms that fall into 9 different chemical categories: 1 silicon atom and 8 graphene atoms in 8 different distances to the silicon one (see Fig.3 ). Accordingly, a ROBIN prediction of the atom resolved DOS of graphene with 3% periodically distributed Si yields 9 different DOS lines -as shown in Fig. 4(a) . Note that Fig. 4(a) actually shows 282 individual DOS lines for each of the 282 atoms in the 3nm center region. Good convergence of the contact self-energy makes them virtually identical to DOS lines of atoms with the same chemical environment (see Fig. 4 (b) for a zoom-in).
The DOS changes significantly when the 3% silicon atoms are randomly distributed (see Fig.4 (c) ). The 282 local DOS lines of each atom in the center region C differ depending on their respective local atomic environment. The ensemble of atomic DOS lines maintains a Dirac point at about ΔE=0.147eV above the Dirac point of pristine graphene. Note that ΔE scales approximately linearly with the % fraction of randomly distributed Si atoms in graphene as can be seen in Fig.4(c) for the 1% and 2% Si cases. For comparison, Fig. 4(c) also shows the analytical DOS of pristine graphene. Fig. 4(a) . The 282 individual atoms of the calculation in Fig.4 (a) fall into 9 distinct groups of DOS lines -corresponding to the 9 different atom types shown in the Adding only 1%, 2%, or 3% silicon should perturb graphene due to the linear response regime only. Indeed, the ROBIN results in Fig. 4 (c) for this amount of randomly distributed Si show only a linear shift of the Dirac cone. Periodic boundary conditions of the same small amount of Si atoms give a dramatic change to the graphene bandstructure, resembling effectively a new material. In other words, applying periodic boundary conditions elevates otherwise small perturbations to systematic material property changes. Therefore, periodic boundary conditions should only be applied to truly periodic systems. In the experiments of Ref. 19 , 3% randomly distributed Si in graphene yielded a shift of the electronic work function by 0.13eV. The predicted shift of 147meV in Fig. 4 (c) agrees quantitatively with that observation given the experimental Si concentration uncertainty of Ref. 19(2.7% -4.5%).
To illustrate the DOS difference of periodically and randomly distributed silicon atoms in graphene, Fig. 5 shows open system results of the center 25nm of a 200nm diameter graphene disc with 3% silicon atoms distributed randomly on the left half and periodically on the right half of the disc. The contour shows the position resolved DOS at the energy of 10meV above the Dirac point of pristine graphene. The black spheres indicate the position of Si atoms. Depending on local Si atom distributions, electrons on the left face pockets of high DOS. Whereas all the DOS decays in the right due to the bandgap opened by the periodically distributed Si.
Substituting atoms periodically is a remarkably difficult experimental task especially if single substitutions are considered. We expect random distributions to resemble the experimental reality much more closely. Given the stark contrast in electronic properties of periodic vs. random distributions, materials with periodic substitutions should be considered fully distinct from the original pristine host material. This applies to substituting with other than Si atom kinds 54,55 as well as other host materials than graphene.
In conclusion, this work introduces the ROBIN method to predict 2D and 3D materials in arbitrary, regular, and irregular atomic compositions. Green's functions are solved recursively to explicitly discretize millions of atoms within the memory limitations of typical state of the art hardware. When applied on silicon atoms distributed in graphene, the method reveals a significant difference in the electronic properties of periodic vs. randomly distributed Si atoms in graphene. The calculations confirm periodically distributed Si atoms form bandgaps in graphene, but the same amount of randomly distributed Si atoms forms domains in the electronic DOS and shifts the graphene DOS in energy. The results show that applying periodic boundary conditions can elevate small perturbations to massively influence material property predictions.
It is worth to mention the ROBIN method can be applied on systems with random alloys, single defects and interfaces. Systems involving different physical phases (e.g. heterogeneous catalysis 56 , emulsions 57 , melting solids, microdroplet chemistry 58 , etc.) are conceptionally equivalent to the situation in Figure5.
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